Most studies of plant-animal mutualisms involve a small number of species. There is almost no information on the structural organization of species-rich mutualistic networks despite its potential importance for the maintenance of diversity. Here we analyze 52 mutualistic networks and show that they are highly nested; that is, the more specialist species interact only with proper subsets of those species interacting with the more generalists. This assembly pattern generates highly asymmetrical interactions and organizes the community cohesively around a central core of interactions. Thus, mutualistic networks are neither randomly assembled nor organized in compartments arising from tight, parallel specialization. Furthermore, nestedness increases with the complexity (number of interactions) of the network: for a given number of species, communities with more interactions are significantly more nested. Our results indicate a nonrandom pattern of community organization that may be relevant for our understanding of the organization and persistence of biodiversity.
S
tudies of plant-animal mutualisms have traditionally focused on highly specific interactions among a few species, such as a plant and its pollinators or seed dispersers (1, 2) . On the other hand, some systems seem to involve a much larger number of species, and some authors have used the term ''diffuse coevolution'' to describe the coevolutionary process in such communities (3) (4) (5) . The approach of diffuse coevolution, however, has not provided any insight on the structural organization of species-rich communities (6) , yet this is a fundamental property to understand coevolution in these species-rich assemblages.
Mutualistic networks can be depicted by a matrix of plant species in rows and animal species in columns (ref. 7 ; Fig. 1 ). An element a ij of such a matrix is 1 if plant i and animal j interact, and zero otherwise. In a perfectly nested matrix (8) , each species would interact only with proper subsets of those species interacting with the more generalist species (Fig. 1a) . On the other hand, a mutualistic network would be assembled randomly if each plant (animal) species interacts with a random set of the total pool of animals (plants) (Fig. 1b) . Nestedness entails a nonrandom pattern of structure beyond the topological pattern of connectedness frequently assessed in networks of ecological interactions (9) (10) (11) .
Here we analyzed 27 plant-frugivore networks and 25 plantpollinator networks illustrating a wide range of conditions of species richness, taxonomy, latitude, and ecology (Table 1) . Our goal is to understand how mutualistic networks are assembled. We report on the highly nested organization of mutualistic networks and discuss the implications of nestedness for their persistence and coevolution.
Materials and Methods
Measure of Nestedness. We estimated an index of matrix nestedness (N) by using NESTEDNESS CALCULATOR software. This software was originally developed by W. Atmar (8, 12, 13) .
NESTEDNESS CALCULATOR first reorganizes the matrix by arranging rows (plants) and columns (animals) from the most generalist to the most specialist in the way that maximizes nestedness (8) . Given a particular number of plants (P), animals (A), and interactions (L), an isocline of perfect nestedness is calculated for each matrix (Fig. 1c) . For each plant species (row) all of the absences of pairwise interactions before the isocline and all of the observed interactions beyond the isocline are recorded as unexpected. For each of these unexpected presences or absences, a normalized measure of global distance to the isocline is calculated (8) , and these values are averaged. By using an analogy with physical disorder, this measure is called temperature, T (8) , with values ranging from 0 0 to 100 0 . Because in this paper we emphasize nestedness or order instead of disorder, we define the level of nestedness, N, as: N ϭ (100 Ϫ T)͞100, with values ranging from 0 to 1 (maximum nestedness).
Null Models and Significance. To assess the significance of nestedness we have to compare the observed value with a benchmark ‡ To whom correspondence should be addressed. E-mail: bascompte@ebd.csic.es. No. of species, sum of animal and plant species. Food webs were decomposed in resource-consumer, bipartite graphs, so two or three different graphs can be obtained from the same food web. The level of significance was tested against null model 2 (results are qualitatively similar for null model 1). * , P Ͻ 0.05; ** , P Ͻ 0.01; NS, not significant.
provided by a null model. The goal is to test whether the observed level of structure (in our case nestedness) can be explained by simple rules (e.g., a derived probability of cell occupancy). An intensive discussion has revolved around null models and how conclusions on community structure may depend on our choice of a null model (14) (15) (16) . NESTEDNESS CALCULATOR uses a null model in which each cell in the interaction matrix has the same probability of being occupied. This probability is estimated as the number of ''1s'' in the original matrix divided by the number of cells (A ϫ P). We will refer to this as null model 1. This null model is very general, and so deviations from this homogeneous benchmark could be due to multiple factors, such as a different degree (some species have more connections than others) (14, 16) . Previous work has shown that mutualistic networks have a variation in the number of connections per species (degree) much larger than expected by random (11). Because we want to look at a deeper level of structure beyond the one depicted by the degree distribution, we have considered a second null model. In our null model 2, the probability of each cell being occupied is the average of the probabilities of occupancy of its row and column. Biologically, this means that the probability of drawing an interaction is proportional to the level of generalization (degree) of both the animal and the plant species. Interestingly enough, the results here provided are very robust, and there are not strong qualitative differences for both null models (only 6 of 52 networks changed in significance status from one model to the other). Throughout the paper, we will present the results for null model 2, which yields the most conservative inference about the significance of nestedness (16) .
For each mutualistic matrix, we generated a population of n ϭ 50 random networks for each null model. Our statistic was P, the probability of a random replicate being equally or more nested than the observed matrix. To allow across-network comparisons, that is, to account for variation in species richness and number of interactions, relative nestedness is defined as N* ϭ (N Ϫ N R )͞N R , where N and N R are the value of nestedness for the actual matrix and the average nestedness of the random replicates, respectively.
Results
Most mutualistic webs were highly nested (Fig. 2) . The average Ϯ SE nestedness was N ϭ 0.844 Ϯ 0.043 for seed dispersal and N ϭ 0.853 Ϯ 0.047 for pollination (Fig. 2a ). There were no significant differences between both systems (F ϭ 0.098, df ϭ 1, 50, P ϭ 0.75), which suggests a common assembly process regardless of the different nature of these mutualisms.
The fraction of networks that departed significantly (P Ͻ 0.05) from randomly assembled webs was 0.70 for seed dispersal and 0.80 for pollination. These percentages, however, increased dramatically beyond a minimum number of species. For example, all seed-dispersal networks Ͼ28 species (40.7%) and all pollination networks Ͼ50 species (72.0%) were significantly nested (Fig. 2b) .
To assess the generality of our results and to put them within the context of other ecological webs, we also studied nestedness in a set of 14 resource-consumer bipartite graphs extracted from several detailed food webs (Table 1) . Their level of nestedness (N ϭ 0.694 Ϯ 0.077) was significantly lower than for mutualistic networks (their residual nestedness, after accounting for variation in species richness, differed significantly from both pollinator and seed-dispersal webs; F ϭ 7.71, df ϭ 1, 60, P ϭ 0.007; Tukey's honestly significant difference test; Fig. 2a) . It is not clear whether this difference reflects a different biological organization or differences in sampling resolution.
Is the level of nestedness independent of the complexity of the network? To answer this question, we begin by considering the relationship between the number of species (S ϭ A ϩ P) and the number of interactions (L), a question widely discussed in food web studies (17) (18) (19) (20) (21) (22) (23) (24) . As shown in Fig. 3 , our mutualistic data fit a power-law relationship between L and S; that is, log(L) ϭ 0.132 ϩ 1.139 log(S), r ϭ 0.943, and P Ͻ 0.0001. The slope of the log-log plot (1.139) is slightly higher than 1. This means that L increases slightly faster than S, confirming early results for food webs (24) .
We calculated the residuals from the regression in Fig. 3 . Positive and negative residuals correspond to those matrices that have more and fewer connections, respectively, than expected from their number of species. We compared the average relative Fig. 2 . Nestedness values for seed dispersal (SD, circles), pollination (P, squares), and food webs (FW, diamonds). (a) Mean and SE of nestedness for the three types of networks. Seed-dispersal and pollination matrices have similar nestedness, significantly higher than consumer-resource webs. (b) Nestedness vs. species richness for all data sets. Each point corresponds to a specific community and is solid if the level of nestedness is significant at the P Ͻ 0.05 level and empty otherwise. The arrow indicates the plant-pollinator network shown in Fig. 1c.   Fig. 3 . Number of interactions (L) vs. number of species (S) for the mutualistic networks (pollination and seed dispersal). The continuous line is the best fit to data. The broken line represents the x ϭ y axis. As noted, L increases slightly faster than S (slope ϭ 1.139). All communities can be classified in two groups: networks with fewer interactions than expected (negative residuals) and networks with more interactions than expected (positive residuals). (Inset) The average and SE of relative nestedness (N*) for the communities with positive and negative residuals. Networks with positive residuals, that is, with more interactions than expected for a specific number of species, are significantly more nested than networks with fewer interactions than expected.
value of nestedness (N *) for both groups of residuals. Interestingly enough, there are significant differences between them (F ϭ 6.59, df ϭ 1, 50, P ϭ 0.013). For a given species richness, communities with a larger than expected number of interactions are significantly more nested than communities with a lower than expected number of interactions. The mutualistic webs become relatively more structured as their complexity (number of links for a given number of species) increases.
Discussion
A long-standing challenge in food web theory has been to detect the level of structure of food webs (21, (24) (25) (26) (27) (28) . There is not enough empirical support on how food webs are structured. For example, attempts to find compartmentalization in food webs have failed (refs. 25 and 27; see, however, refs. 28 and 29). The question remains on whether this is due to the incompleteness of the data or to the fact that complex networks are organized in a different way. By analyzing the best resolved data set on ecological networks, we have unambiguously shown that mutualistic webs are neither randomly assembled nor compartmentalized, but are highly nested.
Some potential implications of nestedness for community persistence can be drawn. First, nested networks are highly cohesive; that is, the most generalist plant and animal species interact among them generating a dense core of interactions to which the rest of the community is attached (Fig. 1) . Together with highly heterogeneous distributions of the number of interactions per species (11), this cohesive pattern can provide alternative routes for system responses to perturbations. For example, a species is more unlikely to become isolated of the network after the elimination of other species when embedded on a highly cohesive network. Second, nestedness organizes the community in a highly asymmetrical way (Fig. 1) , with specialist species interacting only with generalist (and so less fluctuating) (30) species. This asymmetrical pattern can provide pathways for rare species to persist (7) .
In relation to coevolution, previous studies have traditionally focused on interactions between pairs of species. But, as noted by Thompson, ''studies of pair-wise interactions alone are insufficient for understanding the evolution of interactions in general and the coevolutionary process in particular'' (ref. 6 , p. 286; see also ref. 31) . In this paper we have presented empirical evidence for a highly significant structural pattern with far-reaching consequences for coevolutionary interactions in species-rich communities. Nestedness organizes complex coevolving networks in a specific way between highly specialized pairwise coevolution and highly diffuse coevolution. It results in both a core of taxa that may drive the evolution of the whole community, and in asymmetric interactions among species with different specialization levels. Our data do not indicate the presence of compartments suggestive of tight, parallel specialization. Rather, our results show that specialized species are frequently dependent on a core of generalist taxa. This macroscopic organization of coevolutionary interactions can be reduced neither to a collection of pairs of coevolving species, nor to a collection of subwebs made up of tightly integrated species. A nontrivial question that deserves further study is how the assembly pattern described in this paper affects the coevolutionary process in species-rich networks.
